Conclusions. Our results demonstrate that macrophages are present in the glomeruli and interstitium of type 2 diabetic patients with DN and of controls. Although patients and controls had similar numbers of glomerular macrophages, glomerular anti-inflammatory CD163 þ macrophages were associated with pathological lesions in DN. Taken together with the correlation between interstitial macrophages and interstitial fibrosis and tubular atrophy, DN class, and renal function, this finding suggests that macrophages may play a role in DN progression. Therefore, targeting macrophages may be a promising new therapy for inhibiting the progression of DN.
Keywords: diabetic nephropathy, histopathological classification, macrophages phenotype
I N T R O D U C T I O N
The global prevalence of type 2 diabetes (T2D) is increasing rapidly [1] . A severe complication associated with T2D is the development of diabetic nephropathy (DN), a major cause of end-stage renal disease [2] . Despite current therapy, many patients with DN progress to renal failure [3] . Increasing our understanding of the pathophysiology that underlies DN can help to develop therapeutic regimens for inhibiting the development and/or progression of DN. Traditionally, DN was believed to result from interactions between haemodynamic factors and metabolic factors [4, 5] . However, recent studies have found that inflammatory mediators play an important role in the early stages of the disease [6] . Thus, newly emerging treatment options focus on inhibiting this inflammatory pathway [7] .
Experimental studies have shown that the inflammatory response that precedes and helps promote insulin resistance in diabetes depends largely upon the accumulation of macrophages in tissue [8] . Furthermore, experimental models of DN have shown that DN is accompanied by an influx of macrophages in response to an upregulation of monocyte chemotactic protein-1 (MCP-1) and intercellular adhesion molecule-1 (ICAM-1) [8, 9] . In these models, inhibiting the influx of macrophages reduces albuminuria, reduces glomerular damage and slows the progression of renal disease [10, 11] . The influx of macrophages has also been observed in other chronic kidney diseases, including anti-GBM nephritis and ANCA-associated pauci-immune crescentic glomerulonephritis [12, 13] . Animal models of these renal diseases revealed that renal injury can be mitigated by depleting macrophages and/or by disrupting macrophage recruitment [12] . Nevertheless, whether these macrophages affect the course of the disease or merely represent a response to injury remains unknown [10, 14] . In addition, infiltrating macrophages can differentiate into distinct phenotypes in response to the microenvironment, thereby expressing proinflammatory, anti-inflammatory or profibrotic cytokines [8, 15, 16] .
In patients with DN, MCP-1 is upregulated in renal tissue and MCP-1 levels are increased in the urine, suggesting that an influx of macrophages plays a pathogenic role in the development of proteinuria, in glomerular damage and in the progression of renal disease in humans [17] [18] [19] [20] . However, relatively little is known about the presence or phenotype of macrophages in the kidneys of patients with diabetes. To date, only one study has investigated the presence of macrophages in patients with DN; this relatively small study found macrophages in the glomeruli and interstitium of diabetic patients but did not investigate the phenotype of these macrophages [21] .
The aim of this study was to investigate the presence and phenotype of macrophages in renal autopsy samples obtained from a cohort of patients with histologically proven DN. In addition, we examined the association between these macrophages and both histopathological and clinical parameters. Renal damage was scored in accordance with the histopathological classification of DN, which is linked to renal outcome [22] [23] [24] .
M A T E R I A L S A N D M E T H O D S
In this retrospective autopsy study, renal autopsy tissue specimens were obtained from patients with T2D. The samples were retrieved from the pathology archives at Leiden University Medical Center. A total of 88 patients were included retrospectively from autopsies performed in 1984 through 2004 via the database of the Department of Pathology for autopsy material. The primary inclusion criterion was the presence of T2D in patients who were >18 years of age at the time of death. We also used two control groups. One control group consisted of renal autopsy material obtained from non-diabetic patients with no other renal abnormalities but with other comorbidities, including hypertension, heart failure or atherosclerosis (n ¼ 5). The second control group consisted of diabetic patients with no histological evidence of DN (n ¼ 18).
We classified renal damage in the diabetic patients using the histopathological classification of DN, which is based on defined glomerular damage [25] . This classification system was used to investigate whether the presence of renal macrophages was associated with glomerular damage. The presence of CD68 þ and CD163 þ cells was used to indicate total macrophages and M2 (anti-inflammatory) macrophages, respectively [16] .
Clinical data
Clinical data were obtained from the medical records available at Leiden University Medical Center and from the patients' general practitioners. Approval to obtain relevant clinical data from the patients' practitioners was obtained from the medical ethics committee of Leiden University Medical Center. The following laboratory results were obtained: serum creatinine; estimated glomerular filtration rate (eGFR; calculated using the Modification of Diet in Renal Disease formula); microalbuminuria (i.e. 30-300 mg/L) or macroalbuminuria (i.e. >300 mg/ L), measured via 24-h urine or dipstick tests; systolic and diastolic blood pressures; serum haemoglobin; serum cholesterol and serum HbA1c. GFR was staged in accordance with the stages of chronic kidney disease established by the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines. Dipstick tests were interpreted and staged as follows: absent when negative or trace, microalbuminuria when 1þ or 2þ (30-300 mg/L) or macroalbuminuria when 3þ or 4þ (>300 mg/L). These data were collected retrospectively from the period starting 1 year before the patient's death. Data that reflected a stable representation of the patient's serum and/or urine levels were included. We also obtained data regarding comorbidity, duration of T2D, medication history, hypertension, smoking history and diabetic complications such as retinopathy, cardiomyopathy, polyneuropathy and diabetic foot ulcers. For each patient, the cause of death was obtained from the autopsy report.
Histopathology
Renal tissue was fixed in 10% buffered formalin and embedded in paraffin. Sections were cut at 1-and 3-mm thickness and stained with haematoxylin and eosin, periodic acidSchiff and silver stain (for the 1-mm-thick sections).
Renal tissue specimens containing !100 glomeruli were scored by two investigators who were blinded with respect to the patients' clinical data. Glomerular lesions, interstitial lesions and vascular lesions were scored in accordance with the established histopathological classification for DN [25] . Specifically, a score of 0 was given if interstitial fibrosis and tubular atrophy (IFTA) was not present in the cortex. A score of 1 was given if <25% IFTA was present. A score of 2 was given when at least 25% but <50% IFTA was present. Finally, a score of 3 was assigned when at least 50% IFTA was present [25] . In addition, the following glomerular lesions were noted and scored as either present or absent: focal segmental glomerulosclerosis (FSGS), cholesterol emboli, any other glomerular lesions, capsular drops and hyalinosis of the glomerular vascular pole.
Immunohistochemistry
To detect and characterize the macrophages present in the kidney samples of DN patients and controls, immunohistochemical staining was performed on sequential slides using monoclonal mouse antibodies against human CD68 (1:2000; DakoCytomation, Glostrup, Denmark), a general macrophage marker and monoclonal mouse antibodies against human CD163 (1:10; Abcam, Cambridge, UK), an anti-inflammatory macrophage marker (M2) [16] . As a control for CD68 þ and CD163 þ cells, we used a monoclonal antibody against CD45 (1:800; DakoCytomation, Glostrup, Denmark), a pan-leukocyte marker. Paraffin-embedded kidney samples were sectioned and then deparaffinized. Antigen retrieval was performed using Tris-EDTA buffer, pH 9.0 (for CD45 and CD68 immunostaining) or citrate buffer, pH 6.0 (for CD163 immunostaining). After blocking endogenous peroxidase, the sections were incubated in the relevant primary antibody for 1 h. As a negative control, mouse IgG1 negative control fraction (DakoCytomation) was used at the same concentration as the respective primary antibody. Binding of the primary antibody was visualized using the appropriate horseradish peroxidaselabeled secondary antibodies (DAKO Envision+ System) and diaminobenzidine as the chromogen. Finally, the sections were counterstained with haematoxylin and coverslipped.
Immunohistochemistry analysis
The immunostained sections were scanned in an IntelliSite Pathology Ultra-Fast Scanner (Philips Healthcare, Eindhoven, The Netherlands). Using a Philips Image Viewer, the number of macrophages was counted in 50 glomeruli per section. Only CD68 þ and CD163 þ cells with a visible nucleus and welldefined cytoplasm were counted as positive in the glomeruli, similar to previous studies [26, 27] . The mean number of macrophages in the glomeruli was determined by dividing the total number of macrophages by 50. The investigators were blinded with respect to DN class and clinical parameters and scored the number of CD68 þ and CD163 þ cells per glomerulus. Interstitial macrophages were quantified in a separate session.
Interstitial CD68 þ macrophages in the cortex were counted in a total of 10 high-power fields (20Â) and graded semiquantitatively on a 0-3 scale. Grade 0 corresponded to macrophages in <10% of the interstitium, Grade 1 corresponded to macrophages in 10-30% of the interstitium, Grade 2 corresponded to macrophages in 30-50% of the interstitium and Grade 3 corresponded to macrophages in >50% of the interstitium [28] .
Statistical analysis
The SPSS statistical software package, version 20.0 (IBM, Armonk, NY) was used for all statistical analyses. Statistical differences between groups were analysed using the JonckheereTerpstra test for trends, the Kruskal-Wallis test or the MannWhitney U test. Correlations for non-normally distributed data were evaluated by calculating Spearman's rank correlation (q). Regression models (linear and ordinal) were used to investigate the influences of independent variables. The j score was determined using the method of Landis and Koch and was used to quantify intra-and interobserver agreements of interstitial macrophage scoring [28] . Differences with a P-value 0.05 were considered statistically significant. The data in the tables are presented as either a percentage or the mean value (6 SEM).
R E S U L T S
The clinical characteristics of the 88 patients with T2D and histologically proven DN are summarized in Table 1 . Their mean age was 71 years and 53.4% were male. The mean duration of T2D was 12.7 years. Kidney samples obtained from these patients were classified according to the histopathological classification of DN [25] . Nineteen patients had Class I DN, which is characterized by a thickened glomerular basement membrane. Twenty-nine patients had Class II DN, which is characterized by mesangial expansion; 18 of these patients had Class IIa DN and 11 patients had Class IIb DN. Thirty-four patients had Class III DN, which is characterized by the presence of nodular sclerosis. Finally, the remaining six patients had Class IV DN, which is characterized by global sclerosis in >50% of glomeruli. The five control samples obtained from non-diabetic subjects had no other renal abnormalities, and the 18 control samples obtained from diabetic patients without DN had no histological lesions characteristic of DN based on light microscopy and electron microscopy. In the control group [n ¼ 23 (57% male)], the mean age was 69 years and mean blood pressure was 131/76 mmHg. The 18 diabetic controls had a mean duration of diabetes of 8 years. With respect to renal damage, no glomerular damage was observed in the renal tissue specimens of the control group. However, some damage was observed in the interstitium and vessels, and this damage was probably age related (e.g. atherosclerosis and ischaemia). Neither IFTA nor the number of globally sclerotic glomeruli differed significantly between the diabetic control group and the DN cases (P ¼ 0.441 and 0.474, respectively).
Glomerular macrophages and histological and clinical findings
In the group of 88 patients with T2D-associated DN, we counted the number of cells that stained positive for CD68
In all four histopathological classes of DN, both CD68 þ and CD163
þ macrophages were present in the glomeruli (Figure 1 Figure 2A . Thus, in each sample, the ratio of CD163 þ / CD68 þ cells was $1:2, indicating that 50% of the macrophages had an M2 phenotype. CD68 þ macrophages were also present in the glomeruli of the samples obtained from the non-diabetic and diabetic control groups, with 5.5 cells per glomerulus (range 0.9-15) and 4.5 cells per glomerulus (range 2.3-6.8), respectively ( Figure 2B) . In a subgroup of nine patients with DN, we stained for CD45 in sequential sections in order to confirm that the CD68 þ cells were infiltrating leukocytes; CD68 þ cells colocalized with CD45 þ cells, confirming that the CD68 þ cells were indeed inflammatory cells ( Figure 1C-E) .
No associations were found between the number of glomerular CD68 þ cells and the DN class (P ¼ 0.63), IFTA (P ¼ 0.09) or global glomerulosclerosis (P ¼ 0.16) in the cohort of diabetics with DN, and similarly no association was found between the number of CD68 þ cells and IFTA (P ¼ 0.68) or global glomerulosclerosis (P ¼ 0.46) in the diabetic without DN control group. In contrast, glomerular CD163 þ cells were positively correlated with DN class (P ¼ 0.03), IFTA (P < 0.001) and global glomerulosclerosis (P ¼ 0.05). Renal function was inversely associated with glomerular CD68 þ cells (P ¼ 0.017), but not with CD163 þ cells (P ¼ 0.399). Finally, neither glomerular CD68 þ cells nor glomerular CD163 þ cells were associated with the presence of albuminuria (P ¼ 0.23 and P ¼ 0.49, respectively) or with any other clinical parameters, including T2D duration (P ¼ 0.59 and P ¼ 0.29, respectively), HbA1c (P ¼ 0.53 and P ¼ 0.60, respectively) and cholesterol (P ¼ 0.60 and P ¼ 0.45, respectively). Therapeutic regimens, including the use of renin-angiotensin-aldosterone system (RAAS) blockers or oral diabetic medication, had no significant effect on the type or number of glomerular macrophages in our cohort. However, the use of RAAS blockers was correlated with interstitial macrophages (P ¼ 0.046) and GFR (P ¼ 0.028). To correlate pathological lesions (e.g. IFTA, FSGS, cholesterol embolus, hyalinosis and/or global glomerular sclerosis) with hypertension, we divided the cases into two groups containing hypertensive cases and non-hypertensive cases. Only the number of globally sclerotic glomeruli differed significantly between these two groups (P ¼ 0.004); however, these glomeruli were already excluded from further analysis.
Interstitial macrophages and histological and clinical findings
Next, we counted interstitial CD68 þ macrophages using a semi-quantitative method. The semi-quantitative analysis of interstitial macrophages had substantial inter-and intraobserver agreements (j ¼ 0.66 and 0.74, respectively). Our (Table 2) . With respect to clinical parameters, interstitial macrophages were significantly correlated with GFR stage, serum creatinine and albuminuria (Table 3 ). In the diabetic control group, interstitial CD68 þ macrophages were correlated with IFTA but were not correlated with global glomerulosclerosis ( Table 2 ). The multiple regression model showed that sepsis did not predict the type or number of glomerular CD68 þ and CD163 þ cells in patients with a similar class of DN (P ¼ 0.995 and P ¼ 0.304, respectively). The multiple regression model showed that interstitial macrophages were associated with sepsis in patients with a similar amount of IFTA (p ¼ 0.018). However, the correlations between interstitial macrophages and clinical parameters remained significant when cases with sepsis were excluded (Supplementary data, Table S1 ). Next, we divided the cause of death into cardiovascular (53.4% of cases), inflammatory (33%) and other (13.6%). No significant difference was found between the causes of death with respect to the number of macrophages in the glomeruli or interstitium (mean glomerular CD68 þ cells, P ¼ 0.650; mean glomerular CD163 þ cells, P ¼ 0.115; interstitial macrophages, P ¼ 0.580).
D I S C U S S I O N
This study demonstrates the presence of both glomerular and interstitial macrophages in all four histopathological classes of DN in a relatively large cohort of T2D patients with histologically proven DN. Similarly, macrophages were also observed in control subjects. Interestingly, a subset of macrophages (specifically, anti-inflammatory CD163 þ cells) was also seen in patients from all four histopathological classes of DN. The presence of glomerular CD163 þ cells was positively associated with DN class, IFTA and global sclerosis. Therefore, we speculate that the function of infiltrating macrophages becomes increasingly anti-inflammatory when the histopathological parameters become more severe. Based on our results, we cannot conclude whether the presence of macrophages is a reaction to or a mediator of renal damage. A higher number of interstitial CD68 þ macrophages was correlated with higher histopathological class, increased IFTA, increased global glomerulosclerosis, decreased eGFR and the presence of albuminuria.
The functional role of macrophages in the development of DN is not completely understood. Nevertheless, our results show the presence of macrophages with different phenotypes in the glomeruli of patients with DN. Interestingly, macrophages were present in the glomeruli of all three groups, including diabetic patients with DN, diabetic patients without histologically proven DN and control subjects with no histological renal abnormalities. However, the patients in the two control groups had comorbid conditions, including hypertension, heart failure and/or atherosclerosis, and these conditions could have played a role in the presence of macrophages in their renal samples; nevertheless, these groups were suitable controls since these comorbid conditions were also present among our cohort of patients with DN. These findings are consistent with the findings of Nguyen et al. [21] , who reported the presence of macrophages in a small cohort of patients with diabetes as well as in non-diabetic controls. Moreover, Nguyen et al. found no difference between diabetic patients and controls with respect to 
Nguyen et al. also found a correlation between both glomerular and interstitial macrophages and progression to renal failure. However, no additional analysis was performed between subsets of macrophages. In contrast, our study, which was based on a large autopsy cohort containing >50 glomeruli per case, revealed that antiinflammatory CD163 þ macrophages were present in patients from all DN classes, including Classes I and IIa.
The histopathological classification of DN has not been proposed as a model for progressive diabetic damage; rather, it has been offered as a description of the various histological lesions that can present in patients with DN. Several studies reported a robust association between the DN classification and renal outcome [22] [23] [24] . Moreover, Mauer et al. [29] and Huang et al. [30] studied patients with type 1 DN and found a correlation between thickening of the glomerular basement membrane, the index of mesangial expansion and albuminuria. In contrast, in our study of patients with T2D and histologically proven DN, no correlation between thickening of the glomerular basement membrane (i.e. Class I DN) and albuminuria was found. Moreover, we found no correlation between albuminuria and mesangial expansion (i.e. Class II DN). This discrepancy may be explained by an increased heterogeneity of lesions among patients with T2D [31] due to the increased prevalence of additional damaging factors in T2D, including hypertension, aging, atherosclerosis and dyslipidemia [32] . Because the influx of macrophages was similar in all four DN classes, inflammation may play a role in all diabetes-related lesions in T2D.
Despite the relatively small number of human studies performed to date [21, 33] , compelling evidence obtained using experimental models of DN supports the accumulation of macrophages. For example, in both streptozotocin-induced and db/ db mice, the accumulation of renal macrophages has been associated with the progression of glomerular and tubular damage [9, 14] . In the early stages of streptozotocin-induced DN, depleting macrophages with irradiation inhibits both the development of glomerular hypertrophy and the production of collagen IV [34] . In addition, a recent study found that M2-like (i.e. anti-inflammatory) macrophages can facilitate renal repair by increasing the expression of enzymes involved in matrix degradation [35] .
The interstitial accumulation of macrophages is believed to positively or negatively affect the progression of renal disease [16, 35] . In several renal diseases, the accumulation of these cells is closely correlated with progressive renal failure [36] [37] [38] . In addition, interstitial macrophage accumulation is an adverse prognostic finding in DN and correlates closely with the progression of renal insufficiency [21] . Interestingly, reducing the number of interstitial macrophages in experimental models decreases both tubulointerstitial injury and interstitial fibrosis [39] . In our patient cohort, the interstitial macrophages correlated significantly with a decrease in renal function, suggesting that the influx of interstitial macrophages is associated with the progression of DN.
Given the consistent finding of macrophage involvement in both experimental models and human studies, we hypothesize that the influx of macrophages plays a role in the inflammatory pathway underlying DN. However, because no correlation was found between the number of glomerular macrophages and clinical findings or histological damage, their numbers cannot fully account for the difference in damage. Thus, glomerular macrophages may simply be innocent bystanders in the kidney. Alternatively, the expression profile of the macrophagesrather than their absolute numbers-may mediate glomerular damage. For example, in several renal diseases, the differentiation of macrophages into pro-inflammatory, anti-inflammatory or profibrotic cells can influence inflammation [40] .
Our study has a few limitations that warrant discussion. First, because we used autopsy material, the presence of interstitial macrophages could have been influenced by ante-mortem comorbidity. However, we believe this is unlikely, as interstitial macrophages were significantly correlated with clinical parameters measured long before death. In addition, no significant differences were observed between the cause of death and either glomerular or interstitial macrophages. Second, some clinical data were not available for some patients, thereby limiting our power with respect to measuring correlations between groups for some clinical parameters (e.g. albuminuria).
Despite the above mentioned limitations, we believe that this study has high clinical relevance, as emerging therapeutic approaches focus on inhibiting the inflammatory pathway as a means to prevent renal failure in DN. Although currently available treatments can slow the progression of diabetic complications, many patients still develop end-stage renal disease. Recently, two clinical trials revealed that treating T2D patients with an MCP-1 inhibitor or an inhibitor of its receptor [C-C chemokine receptor type 2 (CCR2)] attenuated proteinuria [41, 42] . This finding underscores the important role that inflammation plays in DN, and it highlights the potential of anti-inflammatory therapy. Therefore, obtaining insight into the presence and the various phenotypes of macrophages in the kidneys of T2D patients is essential for optimizing this therapeutic approach.
In conclusion, this study showed that macrophages were present in both the glomeruli and interstitium of a clinically heterogeneous cohort of patients with T2D, regardless of the stage of DN. Despite the lack of difference in the number of glomerular macrophages between patients and controls, the number of glomerular CD163 þ macrophages (M2-like, i.e. antiinflammatory) is associated with nodular sclerosis, global glomerulosclerosis and interstitial fibrosis. Together with the correlation between the number of interstitial macrophages and IFTA, DN class and renal function, this finding suggests that the number of macrophages may play a role in the progression of DN. Although future studies are needed to determine the precise role that macrophages play in DN, macrophages may serve as an effective therapeutic target for inhibiting the progression of renal damage in patients with DN.
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